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DESIGN  OP  MAGNETIC  CONTROL  AMPLIFIER  XM-l^A 


Prepared  by: 
Herbert  H.  Woodson 


ABSTRACT:  The  design  of  the  magnetic  control  amplifier 

.XM-l^A  to  drive  the  azimuth,  roll,  anil  pitch  systems  of 
the  Bomb  Director  AN/ASB-1  Is  described.  Jn  these  sys- 
tems two  motors  are  used,  the  BuCrd  Mark  12  and  BuOrd 
Mark  3.5,  400-cycle  servo  motors.  This  control  amplifier 
drives  both  me  tors  with  essentially  the  same  dynamic 
characteristics.  The  final  design  of  the  control  ampli- 
fier contains  two  half-wave,  bridge-type,  magnetic 
amplifiers  having  two  stages  each.  One  amplifier  drives 
the  motor  and  provides  gain  In  the  tachometer  compensation 
loop  while  the  other  amplifier  Is  used  with  positive 
integral  feedback  around  it  to  give  integrating  action. 

The  cascaded  Integrating  network  gives  the  system  a 
zero  velocity  error, 
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j The  Bureau  of  Ordnance  assigned  to  the  Naval  Ordnance  laboratory 

I task  N0L-Re8~  1-2-53  of  which  one  problem  was  to  design  magnetic 

j control  amplifiers  for  the  Antenna  of  Eonb  Director  AN/A.SB-1. 

1 This  report  describes  “die  design  of  one  type  of  amplifier  to 

! drive  all  the  required  systi  ms  within  the  dynamic  specifica- 

tions, but  does  not  Include  engineering,  for  temperature, 
p voltage,  and  frequency  variat lont « 
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DESIGN  OP  MAONBTIC  CONTROL  AMPLIFIER  XM-13A 


INTRODUCTION 

1 The  specifications  on  the  magnetic  control  amplifier  for 
the  azimuth,  roll,  and  pitch  systems  of  the  Bomb  Director 
AN/ASB-1  are  given  In  Table  I.  In  addition,  these  specifica- 
tions must  be  met  us  inf}  both  the  BuOrd  Mark  12,  400-cycle 
servomotor  and  the  BuOrd  Mark  16,  400-oycle  servomotor  with 
a mechanical  system  that  reflects  an  lr.ertla  to  the  motor 
sliai't  of  approximately  twice  the  motor  inertia.  The  Inertia 
of  the  motors  are  approximately  the  aarej  therefore,  one 
simulated  mechanical  system  can  be  usee  for  both  motors.  The 
gear  ratio  between  motor  and  control  transformer  Is  1000:1. 
Standard  BuOrd  400-cycie,  115- volt  synchros  are  used  for  error 
detection. 

2.  Also  shown  in  Table  I are  the  perfcrmance  characteristics 
of  the  magnetic  control  amplifier  XM-13A  which  was  designed 
for  this  application  by  the  Magnetic  Aipiifier  and  Servo- 
mechanisms Group  of  the  Magnetics  Division. 

System  Specifications 

3.  The  dynamic  error  at  constant  velocity  and  the  system 
bandwidtn  required  by  the  spec ificat ions  (see  Table  I)  dictate 
that  some  type  of  compensation  be  used.  The  specification  on 
package  ?ize  requires  that  the  compensation  be  accomplished 

by  the  method  that  is  simplest  and  reqiires  the  least  equipment 
At  the  present  time  the  simplest  method  of  supplying  compensa- 
tion to  the  system  is  v.  haif-v'ave,  bridge-type , magnetic 
amplifier  with  Integral  feedback.  * When  this  type  of  compensa- 
tion is  used,  the  simplest  over-all  5y3tw*m  will  be  obtained 
when  half-wave,  bridge  type  magnetic  acplifiers^  are  used  to 
obtain  amplification  in  the:  system. 

4.  The  gsar  ratio  of  1000:1  requires  .in  amplifier  gain  not 
normally  obtainable  with  a reasonable  lumber  of  cascaded  half- 
wave stages-  Ho* ever,  with  lag  or  integral  compensation 
added  in  cascade,  the  r.  tat  in  gain  can  3 2 increased  to  the 
proper  value  to  rreet.  the  specifications;  in  fact,  when  inte- 
gral comcennatior  is  u.ced,  the  static  .n  is  infinite. 

3.  This  magnetic  control  amplifier  must  meet  the  <VN-E~19  Air 
Force-Navy  Aeronautical  Specif icatlona.  Over  the  temperature, 
voltage  and  fre  quency  range:*,  the  amp  ii  Tier  gain  will  change  by  a 
small  amount.  When,  feu*  the  maximum  gain  condition,  the  system 
is  designed  for  7ero  velocity  error  using  the  integral  compen- 
sation described  in  reference  (l),  the  compensation  will  become 
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lag  compensation  when  the  gain  decreases.  The  change  In  g&ln 
must  be  made  small  enough  that  the  dynamic  specifications  are 
still  met  with  the  lag  compensation  present  at  the  minimum 
gain  condition  » The  amplifier  gain  ctiange  will  depend  upon 
the  care  used  In  matching  and  selecting  component e> 

Qualitative  Design 

6 A zero- velocity-error  system,  designed  In  accordance  with 
reference  (l),  will  have  the  block  diagram  shown  in  figure  1. 
The  open- loop  transfer  function  of  thin  system  is 


C m K(Tjan-l) 

E T(  ja>)^(TmJm+l) 


Eq„  (1) 


where  at  is  ue  signal  frequency,  T Is  the  Integrator  time 
constant,  Tm  is  the  output-member  time  constant,  end  K is 
the  static  gain.  The  constants  will  bt  derived  below. 


7 Referring  to  figure  1,  when  the  Integrator  time  constant, 
T,  Is  larger  than  the  output  member  tlr.e  constant,  the 
open  loop  function  (equation  (l))  will  have  the  frequency 
response  characteristic  shown  in  figure  2(a)  and  £(b).  When 
the  gain,  K,  is  sc  adjusted  that 


at  the  signal  frequency 


Eq.  (2) 


03 


1 


Eq.  (3) 


and  the  loop  1b  closed,  the  phase  margin  will  be  s maximum 
and  the  system  will  be  most  stable.  II  the  maximum  phase 
margin  indicated  In  figure  1(b)  Is  sufficiently  large „ the 
loop  may  be  closed  at  any  one  of  a ran$e  of  frequencies  above 
and  below  that  given  by  equation  (3)  while  maintaining 
adequate  system  stability. 


8.  The  proof  that  maximum  phase  margin  occurs  at  the  frequency 
given  by  equation  (3)  lies  recognizing  that  the  only  por- 
tion of  equation  (1)  with  a frequency  variant  phase  shift  Is 


Tjo  + 1 
TmJ®  + 1 


Eq.  (5) 


With  the  above  stated  relation  between  T and  Tm,  the  function 
In  equation  (5)  Is  a lead  circuit,  the  characteristics  and 
normalized  frequency-response  curves  of  which  can  be  found 
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in  any  book  on  servomechanisms.  Using  ouch  a set  of  normalized 
curves*,  the  circuit  parameters  can  be  selected  to  give  the 
phase  margin  desired  at  the  proper  frequency. 

Amplifier  Design 

9,  From  past  experience.  It  was  founc.  that  a practical  system 
could  be  designed  using  two  half-wave,  bridge-type,  magnetic 
amplifiers^  having  two  stages  each.  The  circuit  diagram  of 
the  amplifier  used  is  shown  in  figure  ;<v  while  the  core  details 
are  given  In  figure  4.  The  requirement  a are  one  uaplifier  to 
drive  the  motor  and  supply  gain  for  th.<  tachometer  compensa- 
tion loop  and  one  amplifier  with  posit; ve  integral  feedback 

to  form  the  integrator. 

10.  There  are  a number*  of  restrict  ion*  placed  on  static  per- 
formance of  the  amplifiers „ The  amplll  ler  that  drives  the 
motor  must,  with  full  output,  drive  the  motor  sufficiently 
fast  to  meet  the  specification  of  maxlr.um  slewing  rate,,  In 
addition,  this  amplifier  mui  t supply  sifficlent  gain  to  the 
tachometer  loop  to  provide  proper  compensation.  The  amplifier 
to  be  used  in  the  integrator  must  have  sufficient  output  in 
its  linear  range  to  override  the  taehoreter  voltage  and  drive 
the  second  amplifier  to  full  output  with  tne  motor  running  at 
top  speed. 


Output  Member 


11.  The  block  diagram  of  tl.e  output  member  is  shewn  in 
figure  5-  The  natural  frequency  of  a luOrd  Mark  12,  400-cycle 
servomotor  is  approximately  24  radians  per  second.  The  added 
inertia  required  by  the  specifications  plus  the  me  tor  charac- 
teristics make  the  natural  frequency  of  the  mechanical  system 
approximately  eight  radians  per  second.  The  addition  of  the 
tachometer  in  a feedback  loop  as  show*  in  figure  will 
increase  the  natural  frequency  of  the  cutput  member  to 
approximately  60  racliaus  pei’  second.  7 his  natural  frequency, 
l/Tm,  is  of  the  proper  magnitude  to  gl\e  a well-damped,  com- 
plete system  with  a bandwidth  of  20  rac ians  per  second  when 
the  integrator  time  constant  is  made  large  enough. 


Integrator 

12.  The  block  diagram  of  the  integrator  is  shown  in  figure  6. 
The  over-alL  transfer  function  of  this  circuit  is  (see 
reference  1): 


E0  K^TJoh-1) 
Ei  T.Icd 


tq.  (6) 
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when  the  gain 

abKj)  - 1 Eq.  (7) 

(See  figure  6 for  definition  of  a,  b,  and  T.) 

The  gain  Kp  is  the  d-c  gain  of  the  amp  ifler  (d-c  volts  out 
divided  by  d-c  volts  in). 

13.  When  the  integrator  of  figure  5 it  used  with  the  output 
member  described  above,  the  integrator  time  constant  must  be 
0,167  second  for  the  maximum  phase  margin  of  the  complete  sys- 
tem to  occur  at  the  specified  bandwidth  of  20  radians  per 
second.  For  these  values  the  maximum  phase  margin  Is  55  degrees. 
A phase  margin  of  45  degrees  gives  a w<  11  stabilized  system; 
therefore,  the  above  system  could  have  the  loop  closed  anywhere 
from  8 tc  50  radians  per  second.  An  it  crease  in  integrator 

time  constant  will  make  the  system  mor?  stable  at  the  maximum 
phase  margin  and  increase  the  range  of  frequencies  over  which 
the  system  will  be  stable. 

Complete  System 

14.  The  circuit  diagram  of  the  complete  system  showing  parameter 
values  external  to  the  amplifier  is  shewn  in  figure  7-  The 
parameter  values  were  set  approximate lj  by  the  above  techniques 
and  then  readjusted  experimentally  for  optimum  performance 

with  the  mark  1 vtor  The  only  essertial  change  was  in  the 
integrator  time  -nefcant  which  was  inct eased  from  u. 167  second 
to  0.250  second. 

15.  A Mark  lo  motor  was  substituted  fer  the  Mark  12  motor  and 
the  syBtem  characteristics  were  assent* ally  unchanged.  The 
system  still  mot  all  the  dynamic  specifications  and  was  stable., 
The  closed-loop,  frequency-response  cuives  of  the  system  using 
both  motors  are  shown  In  figure  8„  The  curves  show  that  the 
magnetic  control  amplifier  XM-13A  works  equally  well  with  either 
the  Mark  12  or  Mark  lb  motor. 

Cone lusions 

lb  The  characteristics  of  the  XM-13A  magnetic  control  ampli- 
fier with  the  a inula ted  load,  given  in  Table  I,  are  well  within 
the  performance  characteristics  required. 

17',  The  advantages  of  this  control  amplifier,  in  addition  to 
those  Inherent  in  magnetic  amplifiers  in  general,,  are  twofold. 
Mark  12  and  Mark  16  motors  ere  interchangeable  when  this  control 
amplifier  is  used,  and  all  the  cores  uE8d  in  this  amplifier 
are  the  same  size  with  the  tame  windings.  These  advantages 
are  mainly  from  a production  standpoint. 
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Vi*  The  engineering  of  thin  control  amplifier  to  meet  the 
A'N-E-19  temperature,  voltage,  and  frequency  spec  If  Icat  Iona 
is  a matter  of  properly  selecting  and  matching  components  . 

The  extent  and  complexity  of  the  matching  and  selecting  procedure 
must  be  determined  experimentally- 
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